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Abstract This paper presents experimental results that
characterize implanted layers in silicon being the result of a
high energy implantation of O?6 ions. We propose a simple
relation between attenuation of photothermal radiometry and/
or modulated free carrier absorption amplitudes, the implan-
ted layer thickness and its optical absorption coefficient. The
thickness of the implanted layers was determined from
capacitance–voltage characteristics and computations with
the TRIM program. The obtained results allowed to estimate
changes of the optical absorption coefficient of the oxygen
implanted layers indicating the amorfization of the layers.
1 Introduction
The ion implantation process is a very important techno-
logical process in the semiconductor industry. Measure-
ment methods based on plasma waves are very attractive
for monitoring electrical transport parameters (carrier dif-
fusivity, lifetime of carriers and surface recombination
velocities of carriers) in the ion implantated layer as well as
in the substrate. Plasma waves can be detected by the
measurement of the periodical component of the intensity
of the IR radiation of the samples, in a PTR method, or by
the measurement of the intensity of the periodical com-
ponent of the transmitted probing IR beam of light in a
MFCA method, or by the periodical photoluminescence in
a photocarrier radiometry (PCR) method [1–3]. Analysis of
the frequency characteristics enables determination of the
recombination parameters of semiconductors with the PTR
method [4, 5] and the MFCA method [6–12]. For one layer
samples, it is possible to determine the lifetime of carriers
and the velocity of the surface recombination from the
frequency amplitude and phase PTR or MFCA character-
istics. In paper [13], the influence of O?6 ion implantation
on the recombination parameters of n-type Si samples,
investigated with the PTR method, was presented. With the
increase of ion implantation doses (1) the substrate
recombination lifetimes and the carrier diffusivity were
unchanged; (2) the surface recombination velocity
increased and (3) the parameter A, which described the
relative plasma and thermal contributions, increased. In
this paper, we present the correlation between damping of
the plasma component of the PTR signal and the thickness
of the O?6 ion implanted layer in n-type silicon samples.
For implanted samples, these methods enable determina-
tion of changes of the optical absorption coefficient of
implanted layers when their thickness is known.
2 Material and experimental setups
2.1 Materials
Table 1 presents resistivities, thicknesses of the n-type
silicon samples and also parameters of the implantation
process with the O?6 ions used in the investigations.
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2.2 Experimental setups
The PTR experimental setup for the frequency PTR mea-
surements of semiconductor samples in the reflection
configuration was described elsewhere [5]. The experi-
mental setup for the measurements of the frequency char-
acteristics of the MFCA signal in a transmission
configuration is presented in Fig. 1.
There are two sources of light in this setup. The first one
is a pumping laser working at the wavelength 660 or
808 nm, exciting carriers from the valence band to the
conduction band. Energy of photons of the pumping laser
must be bigger than the value of the energy gap of the
investigated semiconductor. The second source of light was
a semiconductor laser working at the wavelength,
k = 1,600 nm as a probing laser. Energy of photons of the
probing light must be smaller than the value of the energy
gap of the semiconductor. The intensity of the probing
beam of the laser light is constant in time. Intensity of the
pumping laser beam is modulated by the Thorlabs con-
troller and a TTL signal of the lock-in amplifier. Mea-
surements of the thickness of the implanted layers were
taken on the experimental setup for capacitance–voltage
measurements presented in Fig. 2.
In the measurements, the capacitance of the sample was
measured as a function of the applied DC voltage in the
range from -1 to 1 V, with a 10 mV step; 8 kHz sine
signal was superimposed to the DC voltage. The thickness
of the oxide layer was calculated from the accumulation
region capacitance, where the sample behaves as a simple
capacitor.
3 Theoretical model
The PTR and MFCA signals can be written as follows [13]
PTRðf Þ  1
f













Dnðx; f Þdx; ð2Þ
where Dn(x) is a concentration of carriers, A is a thermal to
plasma components coefficient, and l is the sample thick-
ness. Magnitude of the plasma component depends on
several material parameters (such as the absorption
Table 1 Properties of the n-type silicon samples implanted with the









n-Si – – – 3–5 0.41
n-Si O?6 90 5 9 1013 – 0.41
n-Si O?6 90 5 9 1014 – 0.41
Fig. 1 Experimental setup for
the measurements of the
frequency characteristics of the
MFCA signal in the
transmission configuration
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coefficient, energy bandgap, carrier recombination lifetime,
carrier diffusivity and surface recombination velocities) as
well as on experimental condition such as the laser light
intensity, energy of photons and the frequency of modu-
lation. The light intensity in the homogenous sample can be
written as follows
IðxÞ ¼ Ið0Þ  b  expðb  xÞ; ð3Þ
where b is the optical absorption coefficient of the
homogenous sample, and I(0) is the light intensity at the
surface. In the ion implanted sample, however, the light
intensity in the end of the ion implanted layer can be
written as
IðdÞ ¼ Ið0Þ  expðbimp  dÞ; ð4Þ
where bimp is the optical absorption coefficient of the ion
implanted layer, and d is the ion implanted layer thickness.
Assuming that the recombination lifetime and diffusion of
carriers in the implanted layer are much smaller than in the
substrate, one can conclude that the contribution of the
PTR signal from this layer to the total PTR signal in the
plasma component dominating frequency region can be
neglected. This means that the PTR or MFCA signal in the
case of the implanted layer is proportional to the light
intensity given by formula (2) and
PTRimp
   A  Ið0Þ  expðbimp  dÞ: ð5Þ
In the case of the nonimplanted sample, the PTR or
MFCA signal is proportional to the light intensity given by
formula (1) and
PTRnonimp
   A  Ið0Þ ð6Þ




  ; ð7Þ
one can write




Formula (8) is valid for optically opaque samples
(b  L  1). Using a two layer model given in [14], it is
possible to test the validity of the proposed formula.
Numerical simulations show that this is true when
simp  s, diffusion length in the ion implanted layer Le ¼ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Dimp  simp
p
\d and the light penetration depth 1=bimp\d.
Parameters used for calculation were simpl = 10
-9 s,
s = 10-5, Dimpl = 1 cm
2/s, D = 20 cm2/s, Le = 0.3 lm,
1/b = 1 lm, d = 1 lm.
4 Experimental results and discussion
Figure 3 presents the frequency versus PTR amplitude and
phase characteristics of the n-Si samples nonimplanted and
implanted by O?6 ions of the energy 90 keV with a dose
5 9 1014 ions/cm2 and illuminated by the laser beam
operating at wavelength k = 488 nm.
From the PTR experimental characteristics of oxygen
implanted samples and the nonimplanted silicon sample,
several recombination parameters were determined using
theoretical model described by formula (2) and they are
presented in Table 2.
Figure 4 presents the frequency versus MFCA ampli-
tude and phase characteristics of the n-Si samples nonim-
planted and implanted by O?6 ions of the energy 90 keV
Fig. 2 Experimental setup for
the capacitance–voltage
measurements. The sample was
processed with a standard CV-
mask, with Au-gates of 300 lm
by 300 lm, shown as yellow
squares in the figure. Indium
contacts at the four corners of
the CV probe were used as back
contacts
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with a dose 5 9 1014 ions/cm2 and illuminated by the laser
beam operating at wavelength k = 660 nm and k =
808 nm.
Analysis of the experimental data led us to the conclu-
sion that light absorbed in the oxygen implanted layer does
not give its contribution to the PTR nor MFCA signals.
Both PTR and MFCA signals come only from the silicon
substrate. It can be explained with a very short life time of
carriers in the implanted layer relative to the life time of
carriers in the silicon substrate equal to s = 18 ls.
The model analysis led to the theoretical and experi-
mental dependence presented in Fig. 5 where the parameter
k is the ratio of the amplitudes of the PTR signal (for the
wavelengths k = 488 and 514 nm) and MFCA (for the
wavelengths k = 660 and 830 nm) of the implanted sam-
ple to the nonimplanted sample in the region of the dom-
ination of the plasma component of the PTR and MFCA
signal over the thermal component, i.e., for the frequencies
of modulation of the beam of light above f = 1 kHz.
From the character of the dependence, presented in
Fig. 5, of the decrease of the PTR and MFCA signals with
the energy of photons, it results that it is square in character
what is characteristic for indirect electron type transitions
in semiconductors. For determination of the value of the
optical absorption coefficient of the implanted layers, the
thickness of the implanted layer is necessary. The thickness
of the layers was determined both from the capacitance
measurements and TRIM computations. Values of the
capacitances and the thicknesses of the implanted layers
are presented in Table 3.
At the thickness of the implanted layer corresponding to
the biggest dose of implantation 5 9 1014 cm-2 deter-
mined from capacity measurements as d = 0.50509 -
0.12997 lm = 0.376 lm and the value b  d ¼  lnðkÞ ¼
 lnð1=145Þ ¼ 5, for k = 488 nm determined from PTR
measurements presented in Fig. 4, we get the average value
of the optical absorption coefficient of the implanted layer
equal to b = 13.2 9 104 cm-1. The value of the optical
absorption coefficient of the nonimplanted silicon is equal

































Fig. 3 PTR amplitude normalized at f = 100 Hz (a) and phase
(b) frequency characteristics of nonimplanted n-type silicon sample
(circles) and oxygen implanted with a dose 5 9 1014 ions/cm2 sample
for the wavelength k = 488 nm. Lines illustrate the fittings of
theoretical curves described by formula (2) to experimental data
Table 2 Recombination parameters of the n-type silicon nonimplanted and implanted samples with oxygen ions determined for k = 488 nm











k = 488 nm
n-Si – 18 12 400 1,000 3 9 10-6
n-Si:O 5 9 1014 18 12 2,500 1,000 390 9 10-6
k = 514 nm [13]
n-Si – 18 12 400 1,000 3 9 10-6
n-Si:O 5 9 1013 18 12 1,800 1,000 180 9 10-6
n-Si:O 5 9 1014 18 12 2,500 1,000 360 9 10-6





















 non-implanted, λ= 808 nm
 implanted, λ= 808 nm
 non-implanted, λ= 660  nm














Fig. 4 MFCA amplitude (a) and phase (b) frequency characteristics
of nonimplanted n-type silicon sample (squares) and oxygen
implanted samples (circles) with a dose 5 9 1014 ions/cm2 for the
wavelength k = 660 nm and k = 808 nm
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to b = 2 9 104 cm-1 for k = 488 nm. It means 6.6 times
increase of the value of the optical absorption coefficient of
the implanted layer respective to the value of the optical
absorption coefficient of silicon. The average value of the
optical absorption coefficient in the implanted layer at the
dose 5 9 1013 ions/cm2 determined from the dependence
b  d ¼ lnðkÞ ¼  lnð1=60Þ ¼ 4 from PTR measurements,
and the same thickness of the implanted layer
d = 0.376 lm, is equal to 10.6 9 104 cm-1 and is 0.8 of
the optical absorption value of the implanted layer at the
dose 5 9 1014 cm-2. It means 5 times increase of the
optical absorption coefficient of the implanted layer
respective to silicon.
The ratio of the concentration spatial distribution of
oxygen ions respective to the dose of implantation is pre-
sented in Fig. 6.
The depth of implantation of oxygen O?6 ions computed
in a TRIM program is equal to d = 0.376 lm. It agrees
with the values obtained from the C–V method. It gives an
average value of the ratio q/Dose = 1/d = 2.66 9
104 cm-1 where, q is the concentration of ions. At the dose
5 9 1014 ions/cm2, an average concentration of oxygen
ions in the implanted layer q equals to 13.3 9 1018 ions/
cm3, and it corresponds to the average value of the optical
absorption coefficient equal to b = 13.2 9 104 cm-1
determined from the PTR measurements. Maximum con-
centration of oxygen ions at the depth 0.2 lm equals to
32.5 9 1018 ions/cm3. At the dose 5 9 1013 ions/cm2, the
average concentration of oxygen ions equals to
13.3 9 1017 ions/cm3, and it corresponds to the average
value of the optical absorption coefficient equal to
b = 10.6 9 104 cm-1 determined from the PTR or MFCA
measurements. Maximum concentration of oxygen ions in
the implanted layer equals to 32.5 9 1017 ions/cm3 at this
dose.
5 Conclusions
In this paper, the procedure of determination of the
optical absorption coefficient of the O?6 ions implanted
layer is presented. The procedure is based on the fre-
quency measurements of the PTR or MFCA signals of
the implanted and nonimplanted silicon samples and
determination of the thickness of the implanted layer
from the C–V experiment or a TRIM program. Such
information is essential from the point of view of eval-
uation of the degree of amorfization of the implanted
layer. For the investigated implanted layers, a consider-
able increase of the optical absorption coefficient was
determined. For the implantation dose 5 9 1014 ions/
cm2, the optical absorption coefficient in the implanted
layer increased 6.6 times respective to that of a silicon
substrate. For the implantation dose 5 9 1013 ions/cm2,
the optical absorption coefficient increased 5 times
respective to that of the silicon substrate. The values of












Fig. 5 Dependence of -ln(k) on the energy of absorbed photons for
samples implanted with oxygen with a dose 5 9 1014 ions/cm2
 lnðkÞ ¼ bimpl  d ¼ A  ðEf  EgÞ2  d where, Eg = 1.1 eV, A  d
¼ 2
Table 3 Thickness of the implanted layer determined by the C–V
method
Samples Cox (pF) dox (lm)
C17_nonimplanted 23.9 0.12997
C21 5 9 1014 cm-2 6.15 0.50509 - 0.12997 = 0.376
Fig. 6 Spatial distribution of the ratio of concentration of oxygen
ions in a silicon sample respective to the implantation dose computed
in a TRIM program
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the optical absorption coefficient are the measure of the
amorfization of the implanted layer.
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